Type IV pili are long surface filaments produced by gramnegative bacteria such as Pseudomonas aeruginosa, Neisseria gonorrhoeae, Moraxella bovis, Myxococcus xanthus, Vibrio cholerae, and enteropathogenic and enterotoxigenic Escherichia coli (for reviews, see references 22, 25, 26, and 31) . Many type IV pili are used to attach bacterial pathogens to epithelial cells of the eukaryotic host. Type IV pili are also associated with the twitching motility of various bacteria and with the social motility of myxobacteria (22, 38) .
Type IV pili are composed of small pilin subunits, which are derived from type IV prepilin through cleavage of the Nterminal prepeptide (26, 31) . Type IV prepilins share common features within their amino acid sequences. Prepilin peptidase cleaves between the glycine residue at the Ϫ1 position and the phenylalanine residue at the ϩ1 position. The fifth amino acid residue of mature pilin is invariantly glutamic acid. The Nterminal 20-amino-acid region is hydrophobic and highly conserved. Type IV pilin has been classified into two groups. Group A, which includes pilins from P. aeruginosa, N. gonorrhoeae, M. bovis, and M. xanthus, contains prepilins whose sequences are conserved among each other (26, 31) . Group A prepeptides are usually 6 to 7 amino acids in length. The conserved N-terminal phenylalanine of group A mature pilin is N methylated. Group B, which includes pilins from V. cholerae and enteropathogenic and enterotoxigenic E. coli, contains long prepeptides (24, 29, 30, 34) . The amino acid sequences of group B prepilins exhibit far more diversity than those of group A.
The self-transmissible IncI1 plasmids, including R64 and ColIb-P9, produce two kinds of pili: a thick rigid pilus and a thin flexible pilus (4, 5, 10) . The thick pilus is essential for transfer of the IncI1 plasmid both in liquid and on surfaces, while the thin pilus is required only for liquid matings (15, 16) . One-third of the 54-kb R64 transfer region is responsible for the formation of thin pili (15, 16) . E. coli cells harboring pKK641AЈ, which carries a 21.88-kb segment of R64, were demonstrated to produce thin pili and to be sensitive to IncI1-specific phages I␣ and PR64FS (15) . DNA sequence analysis of the tra-pil region revealed that 18 genes, traA to -D and pilI to -V, are located in this region (13, 14) . Mutational analysis indicated that the traBC genes are required for both liquid and surface matings, suggesting that the traBC genes encode positive regulators of R64 transfer gene expression (13) . Some of the R64 pil genes encode proteins which are closely related to type IV pilus biogenesis (14) (see Discussion), indicating that the R64 thin pilus belongs to the type IV pilus family.
Thin pili detached from cells were purified from culture medium in which E. coli cells harboring R64-or ColIb-P9-derived plasmids had been grown and then were characterized (39) . In negatively stained thin pilus samples, long rods with diameters of 6 nm, characteristic of type IV pili, were observed under an electron microscope. R64 and ColIb-P9 thin pili are composed of a major 19-kDa subunit, the product of pilS, and a minor 45-kDa subunit, the product of pilVAЈ. The pilS product was first synthesized as a 22-kDa protein and subsequently processed to a 19-kDa protein by the function of the pilU product. Furthermore, the N-terminal tryptophan of the 19-kDa protein was modified.
To test whether all of the 14 pil genes are required for the biogenesis of the R64 thin pilus, we have introduced frameshift mutations into all the pil genes. The 12 genes, pilK to -V, were shown to be indispensable for the biogenesis of thin pili.
MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. The E. coli K-12 strains used in this study were JM83 [⌬(lac-proAB) rpsL thi ara 80 dlacZ⌬M15] (35) and TN102 [Nal r ] (15). Bacteriophages I␣ (6) and PR64FS (7) were used to test the formation of thin pilus.
Plasmid vectors pUC118, pUC119 (35) , and pCL1920 (20) were used for cloning. pKK641AЈ contained a 21.88-kb HindIII fragment of R64 (drd-11) bearing the rep and tra-pil region, together with a 1.3-kb DNA fragment for kanamycin resistance from Tn5 (15). pUC7Tc was described previously (13) .
Media. Luria-Bertani medium was prepared as described previously (28) . Solid media contained 1.5% agar. Antibiotics were added to liquid or solid media at the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 25 g/ ml; kanamycin, 50 g/ml; and tetracycline, 12.5 g/ml.
Construction of plasmids. The preparation of plasmid DNA, construction of plasmids, transformation, and other methods of DNA manipulation were performed as previously described (28) .
Frameshift mutations were introduced into the pilI to -V genes as well as the noncoding sequence of pKK641AЈ as described previously (13) . pKK641AЈ DNA was partially digested with AluI, HaeIII, HpaI, NaeI, NruI, or SspI and ligated with a tetracycline resistance cassette. The DNA cassette was removed by BamHI digestion. This 22-bp sequence, AATTCCCCGGATCCGGGGAATT, remaining at each restriction site, gave rise to a frameshift mutation. pKK641AЈ DNA was partially digested with NspI, treated with the Klenow fragment of E. coli DNA polymerase I, and ligated to give frameshift mutations with a 4-bp deletion. The locations of mutations were determined by restriction enzyme analysis or DNA sequencing.
For the complementation experiments, each pil gene was separately cloned into pUC118, pUC119, or pCL1920 as shown in Fig. 1 . Thus, the following plasmids were constructed: pKK696 (carrying pilK, nucleotides [nt] 4255 to 6199 in the DNA sequence of GenBank accession no. D88588 [14] ), pKK697 (pilL, nt 4881 to 6395), pKK698 (pilM, nt 6194 to 6993), pKK699 (pilN, nt 6672 to 9426), pKK700 (pilO, nt 7769 to 9764), pKK701 (pilP, nt 9427 to 10482), pKK702 (pilQ, nt 9993 to 11997), pKK703 (pilR, nt 11652 to 12889), pKK692 (pilS, nt 12890 to 13514), pKK704 (pilT, nt 12890 to 14380), pKK705 (pilU, nt 13826 to 15184), and pKK706 (pilV, nt 12381 to 18523). Plasmids in which the pil genes are expressed under the control of the lac promoter of the vector, pUC118 or pUC119, are indicated by the suffix "a" (for example, pKK696a), while pUC118-or pUC119-derived plasmids containing the pil genes in the opposite orientation are indicated by the suffix "b". Plasmids cloned in low-copy-number vector pCL1920 are indicated by the suffix "c".
Conjugal transfer and phage sensitivity. Liquid mating was performed as described previously (15) . E. coli JM83 and TN102 cells were used as donor and recipient cells, respectively. A culture of log-phase donor cells was mixed with an overnight culture of recipient cells. The mixture was incubated for 90 min at 37°C. Sensitivity to phages I␣ and PR64FS was determined as described previously (15) .
Thin pilus fraction. The thin pilus fraction was prepared as previously described (39) . E. coli cells harboring pKK641AЈ with various mutations were grown overnight with shaking at 37°C. The culture was centrifuged twice at 9,200 ϫ g for 10 min to remove the bacterial cells. The supernatant was again centrifuged at 140,000 ϫ g for 1 h. The pellet was used as a crude thin pilus fraction.
Western blot analysis. Thin pilus fractions or lysates of E. coli cells harboring various plasmids were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (39) . Proteins were transferred to a polyvinylidene difluoride membrane with a model AE-6675 semidry transfer apparatus (Atto Corp.) and detected with antipilin antiserum by using antirabbit immunoglobulin G conjugated to horseradish peroxidase with chromogenic substrates.
RESULTS
Introduction of frameshift mutations into 14 pil genes of R64. To reveal the roles of the pilI to -V genes in the biogenesis of the R64 thin pilus, insertion or deletion mutations were introduced into the pilI to -V genes as well as the intergenic noncoding sequence. All mutations were designed to result in a frameshift of coding sequences. Furthermore, insertions and deletions were restricted to a small number of nucleotides to minimize the effects of mutations on the transcription of the downstream genes. Twenty-five insertion or deletion derivatives of pKK641AЈ were constructed ( Fig. 1) . Twenty-four mutations were located within the pil genes, while the mut-6 mutation was in the noncoding sequence. At least one mutation was introduced into each of the pil genes. The locations of four tra mutations previously described (13) are also indicated in Fig. 1 .
Effects of pil mutations on expression and processing of the pilS product. The R64 thin pilus comprises a major pilin subunit, the pilS product, and a minor subunit, the pilV product (39). The pilS product was shown to be synthesized as a 22-kDa prepilin and then processed to a 19-kDa protein via the function of the pilU product. The expression and processing of the pilS product in various pil mutants were examined. Whole-cell extracts from E. coli JM83 harboring pKK641AЈ containing various pil mutations were separated by SDS-PAGE and subjected to Western blot analysis with antipilin antiserum (Fig.  2A) . E. coli cells harboring pKK641AЈ derivatives with mutations in all 14 pil genes except pilS and pilU produced similar amounts of 19-kDa pilin as cells harboring wild-type pKK641AЈ. E. coli cells harboring pKK641AЈ (pilS1) produced neither pilin nor prepilin, confirming that pilin is the pilS product. The prepilin production by E. coli cells harboring pKK641AЈ (pilU1) was not detected under these conditions.
Effects of pil mutations on the biogenesis of the R64 thin pilus. Detached thin pili were recovered by ultracentrifugation of the culture medium in which E. coli cells harboring pKK641AЈ had been grown (thin pilus fraction) (39) . The production of extracellular thin pilus in various pil mutants was examined by Western blot analysis of the amounts of pilin in the crude thin pilus fractions from E. coli cells harboring pKK641AЈ with various pil mutations (Fig. 2B ). E. coli cells harboring pKK641AЈ (pilI1) and pKK641AЈ (pilJ1) produced amounts of extracellular pilin similar to those of cells harboring wild-type pKK641AЈ. Very small amounts of extracellular pilin were produced by E. coli cells harboring pKK641AЈ (pilL1), pKK641AЈ (pilM1), and pKK641AЈ (pilT1), and trace amounts of extracellular pilin were produced by cells harboring pKK641AЈ (pilK1), pKK641AЈ (pilN1), pKK641AЈ (pilO1), pKK641AЈ (pilP1), pKK641AЈ (pilQ1), pKK641AЈ (pilR2), and pKK641AЈ (pilV1). No extracellular pilin was detected for pKK641AЈ (pilS1) and pKK641AЈ (pilU1).
Effects of pil mutations on liquid matings and phage sensitivity. R64 liquid mating requires the presence of thin pilus (15) . Hence, the formation of a functional thin pilus in various pil mutants was assessed by the transfer frequency in liquid matings. For this purpose, we used the pKK641-pKK661 system, in which the transfer frequency in R64 liquid matings can be accurately estimated, since a lack of the rci gene prevents the DNA rearrangement of the shufflon (15) . E. coli donor cells harboring pKK641AЈ and pKK661 transmitted pKK661 carrying the oriT sequence into the recipient cells by conjugation at a frequency of 1.2% (Table 1) . When pKK641AЈ (mut-6) carrying a mutation outside the coding sequences was used instead of pKK641AЈ, the transfer frequency was equivalent to that of pKK641AЈ, confirming that the mut-6 mutation has no effect on the expression of the other pil genes. E. coli cells harboring three different pKK641AЈ derivatives with mutations in the pilI and pilJ genes were also transfer proficient (Table 1 ). In contrast, cells harboring pKK661 and pKK641AЈ derivatives with mutations in the 12 genes pilK through pilV were transfer deficient, with the exception of pKK641AЈ (pilR1). pKK641AЈ (pilR1) which lacks 4 nt, including the ATG initiation codon of the pilR gene, was transfer proficient. In this plasmid, pilR translation may restart from the next methionine codon at the fourth codon of the pilR gene. For the pilT1 and pilT2 mutants, residual transfer activities were observed (Table  1) . These results indicate that 12 genes, pilK, pilL, pilM, pilN, pilO, pilP, pilQ, pilR, pilS, pilT, pilU, and pilV, are required for R64 liquid mating.
The sensitivity of E. coli cells harboring pKK641AЈ derivatives to phages I␣ and PR64FS was also tested (Table 1) . Phages I␣ and PR64FS specifically adsorb to the shaft and tip, respectively, of thin pili produced by the IncI1 plasmid, and the infected cells subsequently produce progeny phage (6, 7). Therefore, the sensitivity of cells to phages I␣ and PR64FS can be used as an indication of thin pilus formation. The results shown in Table 1 indicate that 11 genes, pilK, pilL, pilM, pilN, pilO, pilP, pilQ, pilR, pilS, pilU, and pilV, are required for the formation of thin pili as receptors for phages I␣ and PR64FS.
Complementation of pil mutations by pil ؉ plasmids. To test complementation of pil mutations, various plasmids carrying each pil gene were constructed (Fig. 1) . The pKK696a series of plasmids contained pil genes in the orientation in which they were expressed under the control of the lac promoter of the vector, while the pKK696b series of plasmids contained the pil genes in the opposite orientation. E. coli cells harboring pKK661 and pKK641AЈ with each mutation were transformed by plasmids carrying the corresponding pil gene ( Table 2 ). E. coli cells harboring pKK706a and pKK641AЈ (pilV1) did not grow well, while those harboring pKK706b and pKK641AЈ 
a Locations (nucleotide number in the DNA sequence of GenBank accession no. D88588) and lengths (ϩ, insertion; Ϫ, deletion) of the mutations are indicated.
b Transfer frequency of pKK661 from donor cells harboring the indicated plasmids and pKK661 in liquid mating is indicated as a percentage of transconjugants relative to donor cells.
c Sensitivity to phages I␣ and PR64FS of E. coli cells harboring the indicated plasmid (ϩ, sensitive; Ϫ, resistant).
(pilV1) grew normally. Similarly, E. coli cells harboring pKK706a together with wild-type pKK641AЈ did not grow well. These results suggest that overproduction of the pilV gene in E. coli cells forming R64 thin pili is harmful for cell growth. In the other combinations, defects in liquid mating of mutants containing the pilK1, pilL1, pilM1, pilN1, pilO1, pilP1, pilQ1, pilR2, pilS1, pilU1, and pilV1 mutations were complemented by the corresponding pil ϩ plasmids, although the defect of the pilT1 mutant could not be complemented ( Table 2 ). The defect of the pilV1 mutant was complemented by low-copy-number plasmid pKK706c. Defects in phage sensitivity for all of the pil mutants were also complemented by the corresponding pil ϩ plasmids (data not shown). These results indicate that the pil mutants used in this study did not exhibit polar effects on the expression of downstream genes.
DISCUSSION
In the present study, we demonstrated that 12 of 14 pil genes are indispensable for the biogenesis of the R64 thin pilus. We have previously shown that two genes, traBC, are required for the expression of R64 pil genes (13) . In addition, the rci gene modulates R64 thin pilus function by DNA rearrangement of the shufflon (16, 18, 19) . The R64 shufflon consists of four DNA segments which are flanked by seven 19-bp repeat sequences. The rci product mediates recombinations between any two inverted repeats, resulting in the inversions of the four DNA segments independently or in groups. The shufflon DNA rearrangement selects one of seven possible pilV genes, whereupon the N-terminal region remains constant while the C-terminal region is variable. The seven pilV genes determine recipient specificity in liquid matings (17) . High-frequency liquid matings were observed only for proper combinations of recipient bacterial strains and C-terminal segments of the pilV genes in R64 donor cells. For example, donor cells producing thin pili with PilVAЈ, PilVC, or PilVCЈ protein, but not PilVA, PilVB, PilVBЈ, or PilVDЈ protein, were transferred into E. coli K-12 recipient cells at a high frequency in liquid matings. E. coli K-12 cells producing thin pili with PilVAЈ, PilVC, or PilVCЈ protein formed large cell aggregates, which presumably play crucial roles in liquid matings (39) .
It has been shown that many gene products are involved in the biogenesis of type IV pili. More than 30 genes are required for the biogenesis and function of type IV pili in P. aeruginosa (2, 22, 37) . They are distributed among several loci, forming gene clusters, over the P. aeruginosa chromosome. Several of the pil genes are required for the biogenesis and function of type IV pili, while others regulate type IV pilus gene expression. Several genes homologous to the P. aeruginosa pil genes were identified in N. gonorrhoeae (8, 9) . The type IV pilus biogenesis system of N. gonorrhoeae undergoes antigenic variation as well as phase variation (33) .
In contrast to the type IVA pilus biogenesis system, the genes encoding type IVB pilus biogenesis appear to form gene clusters. Both the bfp system of enteropathogenic E. coli and the tcp system of V. cholerae are comprised of clusters of 14 genes (24, 29, 30) . Proteins involved in general secretory pathways of gram-negative bacteria (26, 27) and DNA uptake systems of gram-positive bacteria (1, 23) share amino acid sequence homology with members of the type IV pilus biogenesis system.
Conserved proteins among the type IV pilus biogenesis systems and related systems are summarized in Table 3 . The R64 Pil proteins shown in Table 3 were found to be indispensable for thin pilus formation in the present work. Many proteins of the other systems shown in Table 3 were demonstrated to be essential for type IV pilus biogenesis or a related activity.
The pilS gene is essential, since it encodes the prepilin of R64 thin pilus. Four pilS mutant classes were identified from mutational analyses (12) . The products of class I pilS mutants were not processed by prepilin peptidase. The extracellular secretion of the products of class II pilS mutants was inhibited. Class III pilS mutants formed thin pili with reduced activities in liquid matings. Class IV pilS mutants exhibited thin pili with mating activities similar to that of pili formed from the wildtype pilS gene. In addition, various proteins containing prepilin 
a Transfer frequency of pKK661 from donor cells harboring pKK661 and the indicated plasmids with complementing plasmids (indicated in parentheses) in liquid matings was estimated as in Table 1 . ϩ, with complementation activity (transfer frequencies recovered to a level similar to that of wild-type pKK641AЈ); Ϫ, without complementation activity. peptidase cleavage sites are essential for the type IV pilus biogenesis systems and related systems ( Table 3) . As many as six such proteins are involved in type IV pilus biogenesis in P. aeruginosa and are suggested to construct a membrane scaffold (22) . Among the other proteins containing type IV prepilin cleavage sites, R64 PilV is the only protein which has been demonstrated to be the minor component of type IV pili (39) .
Prepilin peptidases including R64 PilU are required for the processing of type IV prepilins (Table 3 ). The PilD protein in P. aeruginosa was shown to function as a pilin N-methylase in addition to a prepilin peptidase (32) . In R64 thin pili, the N-terminal end is not methylated but modified with an unknown blocking group (39) . Outer membrane proteins including R64 PilN are required for type IV pilus biogenesis. Among such outer membrane proteins, R64 PilN, enteropathogenic E. coli BfpB, and V. cholerae TcpC are lipoproteins (14, 24, 29, 30) . They are also related to the gene IV proteins of f1-type filamentous phages (11) . Nucleotide-binding proteins such as R64 PilQ are conserved among type IV pilus biogenesis and related systems. Similar nucleotide-binding proteins are also found in plasmid transfer systems (RP4 TrbB) (21) and the vir genes of Ti plasmids (Ti VirB11) (36) . Additional nucleotidebinding proteins, BfpF and PilT, containing less similarity are also present in enteropathogenic E. coli and P. aeruginosa, respectively (22, 29, 30) . Integral membrane proteins such as R64 PilR are also common in the type IV pilus biogenesis and related systems. Gene X homologues PilT and BfpH are present only in R64 and enteropathogenic E. coli. Gene X (gene 19), located in the "leading region" of IncF plasmids, was shown to be required for the efficient transfer of R1 (3) .
It was previously shown that E. coli cells harboring a pilS ϩ multicopy plasmid produced a 22-kDa prepilin and that cells harboring a pilSTU ϩ multicopy plasmid produced a 19-kDa pilin as well as a 22-kDa prepilin (39). While we had expected that E. coli cells harboring pKK641AЈ (pilU1) would produce a 22-kDa prepilin, this was not the case. When a 100-fold amount of cell extract from cells harboring pKK641AЈ (pilU1) was electrophoresed in an experiment similar to that in Fig.  2A , a small amount of 22-kDa prepilin was found (data not shown). One possible explanation for this is that unprocessed prepilin is unstable and is degraded rapidly. Alternatively, unprocessed prepilin may negatively regulate the expression of the pilS gene. Whether one or the other mechanism (or both) is responsible remains to be elucidated in future experiments.
